Abstract-This paper presents a level-based algorithm to deal with the network design problem. The proposed algorithm performs the design of the different network levels simultaneously, in the sense that the information from an ascending level can be used to optimize the solution obtained for a previous level. The experimental results have shown a significant cost reduction of 13.16% when the proposed algorithm is compared to a conventional approach in which the network levels are processed in separate. In addition, the time consumed for an engineer to design the network used in the experiment was reduced.
I. INTRODUCTION
The Network Design Problem (NDP) consists of designing a low cost network by scaling and defining the devices and the links among them in order to attend a known demand while minimize the cost. Many proposals to solve such a challenging problem are available in the literature, and NPD is NP-Completeness [1] . The motivation is related to the potential applications in different areas of the human activity, such as the planning of telecommunication, electric power, water and gas networks.
Most of the available methods model the NDP as a Steinertree Problem (STP) and use evolutionary algorithms to search for possible solutions. Huy and Nghia [2] propose an approach based on parallel genetic algorithm that uses a fitness based on a Distance Network Heuristic (DNH). They achieved promising results by comparing the solutions obtained through tests carried out on the OR-Library [3] with related works based on different meta-heuristics: a) Esbensen's genetic algorithm with graph reduction in [4] ; b) greedy randomized adaptive search procedure (GRASP) in [5] ; c) a parallel approach of the GRASP method (PGRASP) in [6] ; and d) the Tabu Search (TS) in [7] .
Ding and Ishii in [8] present a dynamic version of the Steiner-tree. Such an approach uses an Online Genetic Algorithm (OLGA) and the PRIM algorithm for fitness evaluation. Promising results have been achieved when compared with other fitness functions, such as: the DNH, the Shortest Path Heuristic (SPH) and the Average Distance Heuristic (ADH).
Zhong and Huang [9] propose a new discrete Particle Swarm Optimization (PSO) algorithm to deal with Steinertree Problem. They have also compared the obtained results with a different approach based on Genetic Algorithm (GA). The experimental results using the OR-Library have shown that the proposed algorithm is better than both: the GA based version and the original PSO. Zhan, Zhang and Chung [10] proposes another modification of the PSO algorithm, that speeds up the processing by considering only the promising solutions (particles) for fitness evaluation. Besides GA and PSO, other searching techniques have been used to solve the STP such as the Tabu Search [11] [12] .
Despite the aforementioned contributions to solve the NDP problem, the network design is still an open problem. To explain the reason, let us to focus on the infrastructure of telecommunication networks. Figure 1 shows a diagram that represents a network with three levels. In the first level (last mile) are the clients (demands), which must be attended by facility nodes represented by circles. In the second level, the red squares are facility nodes, while the crossed square represents a facility node of the third level of the network. The design of the network infrastructure should address all levels simultaneously. However, the current methods usually consider the design of each level individually, such as the solutions proposed for traffic networks [13] [14] , urban railway networks [15] , water networks [16] , power distribution [17] [18] , and telecommunication networks [19] .
In a complete solution, the design of the last-mile (first level) -where the devices (facilities) necessary to attend a set of clients (demands) is defined -should takes into account the second level -where the definition of the middle devices necessary to support the access devices of the last-mile is done. Moreover, the design of the second level should takes into account the third level -where the definition of the main devices necessary to support everything is carried out. The goal of this paper is to propose a new algorithm to deal with the NDP that considers simultaneously the optimization of multiple levels of the network infrastructure. The proposed algorithm is able to design a low cost network providing the number and the geographic location of devices and the link among them for each level of the network. The experimental results show that the proposed algorithm provides a cost reduction in the network project.
The paper is organized as follows: Section II introduces the concepts related to the design of telecommunication network. Section III presents the proposed algorithm for network design, while Section IV shows the experiments used to evaluate the proposed method. Conclusions and future works are presented in the last section.
II. THE NETWORK DESIGN PROBLEM
The network design problem consists of defining a for each level of the network: a) the number of devices that will be installed; b) the geographic location of each device; and c) the correct path between devices or between clients and devices while minimizing the infrastructure cost.
The number of levels in the infrastructure may vary according to the application. For instance, in the case of telecommunication networks, the number of levels is usually three. The problem can be modeled through a graph representation. In a simple way, at each level of the infrastructure we have nodes representing facilities and demands. Ascending nodes represent facilities from ascending levels of the network structure. Equation (1) represents the objective function that minimizes the cost of the entire network implementation. It sums up the path length that is necessary to connect demand nodes with facilities nodes. When there are ascending nodes, the cost of the corresponding connection is also taking into account. Equations (2) and (3) impose some constraints to the problem, that only facilities and ascending nodes that are activated (status: on) must be considered in equation (1) . The objective function (1) represents the cost of all activated nodes plus the cost of the path for linking nodes.
Variables: L: number of levels M ℓ : set of demand nodes of the ℓ th level; N ℓ : set of facility nodes of the ℓ th level; A ℓ : set of ascending nodes of the ℓ th level; x ij : cost of the i th demand to the j th facility node; y ij : cost of the i th facility node to the j th ascending node; n i : binary status of the i th facility node: (1-on, 0-off); a i : binary status of the i th ascending node: (1-on, 0-off); c ℓi : cost of the i th activated facility node of the ℓ th level.
Objective Function:
The elements of the array c are the monetary costs of the corresponding devices. In this paper, we consider a proportional cost of the devices of the different levels. The cost increases from level one to level three. During the experiments, we have considered the cost of devices of the levels one, two and three as 100, 1000 and 100000, respectively.
III. THE MULTILEVEL ALGORITHM
The proposed Multilevel Algorithm for Network Design (MAND) performs the network design independently of the number of levels. The L levels of a network are simultaneously processed. The input data is the set of demands M (clients), which at this starting point contains only the demands for the first level. This data is used for processing the level ℓ in order to find an initial set of facilities to attend the clients (last-mile). Initially, the only information used to compute the cost is the value associated with the set of facility nodes associated with the level ℓ. In the next iteration, after the level ℓ+1 has being processed, it is possible to re-evaluate the facilities defined for the level ℓ by considering the cost of the ascending nodes from the level ℓ+1. By considering the information from ascending levels, it allows us to search for better solution considering the interaction between adjacent levels. Thus, when the current level is ℓ, it is possible to use information from level ℓ+1, if the current level is ℓ+1, it is possible to use information from level ℓ+2, and so on. This allows us to optimize the entire network infrastructure simultaneously.
The procedure Level_Processing(ℓ) is executed for each level. It is responsible for searching the number and geographic location of devices, define path between devices, and between devices and demands. Inside the Level_Processing different evolutionary algorithms may be used, such as: GA [20] and PSO [21] . For the experiments undertaken to evaluate the proposed method, we have used a GA. To find the best path between nodes it is necessary a graph search algorithm. The Dijkstra algorithm [23] is employed in this paper.
At the end of the proposed algorithm, there is a conditional control to check if there are more levels for designing. If there are more levels, then the loops are repeated. Figure 2 illustrates the trellis of the proposed algorithm. It represents the interaction between levels. For instance, the solution 3 in the first level (ℓ) is an optimized version of the solution 2, but considering additional information from the solution B of the second level (ℓ+1). In a similar way, the solution D in the second level is an optimization of the solution C, but considering additional information from the solution I of the third level (ℓ+2). 
IV. EXPERIMENTAL RESULTS
The MAND was implemented in C programming language, and the reported results were obtained on a PC-Pentium DualCore E5300, 2.6 GHz with 2 Gbytes of memory.
The evolutionary method used to design the levels was a standard GA based in bit representation, which is implemented in Kanpur Genetic Algorithms Laboratory (KanGAL) [22] , with the following parameters:
• Chromosome length: number of geographic coordinates • Population size: 60 • Generation: 10,000 • Probability of crossover: 0.95 • Probability of mutation: 0.001
The chromosome length is defined based on the number of geographic coordinates which represent the locations where the facilities may be installed. The GA parameters were obtained with from empirical experiments. In addition, to find the best path between nodes the Dijkstra algorithm [23] was employed. Figure 3 shows the input data used in our experiments: 105 clients (green points) and their geographic positions. Based on that, we have executed two sets of experiments. In the first set of experiment (E1), the design of the network infrastructure was carried out by considering the proposed algorithm, and the three network levels were designed simultaneously. In the second set of experiments (E2), we have performed the design of each level in separate -the output of the last-mile (first level) was used to design the second level, and so on. For both set of experiments, the final results represent the average of five repetitions since the tests involve a search strategy for optimization of each level of the network. The average results of the set of experiments E1 and E2 are shown in Table I . As one can see, the proposed algorithm provides a significant total cost reduction of 13.16%, even showing a higher cost for the first level. It is related to the strategy used by the algorithm that computes again a previous level using information from an ascending level. In fact, it is possible to observe that in some cases it is better to have a higher cost in the first levels of the network to save money in the most expensive levels. We can observe that 19 facilities were defined in first level to attend the clients, 3 facilities in second level to attend level one and 1 facility in third level to attend the second level.
As one can also see in Table I , the proposed algorithm shows a significant increasing in the time consuming (52%) when compared with the strategy where each level is processed in separated. The reason is that in the proposed algorithm some levels are computed more than once, since information from ascending levels are used in the previous levels. However, the time consumed by the proposed algorithm is still lower than the time required by an engineer to design the same network aided by a CAD software and using only maps (about 5 days), i.e, without the use of an specific software to aid in the network design.
The final solution, provided by the MAND, is shown in Figure 4 . As one can see, the nodes (facilities) of level one (purple circles), attend the clients (green circles). The nodes of level one are attended by nodes of the second level (red squares); and finally, the nodes of level two are attended by nodes of the third level (orange squares).
V. CONCLUSION AND FUTURE WORKS
In this paper, we have presented a multilevel algorithm to deal with the network design problem. The algorithm performs the design of the different levels a network simultaneously, in the sense that the information of ascending levels is used to process again a previous level. The experimental results have shown a significant cost reduction when the proposed algorithm was compared with a conventional approach where the network levels are processed in separate. Based on that, we may conclude that the MAND can be applied in the planning of real-world instances of network infrastructure, aiding engineers to save time and money. Future work will be done with the objectives (like cost and flexibility) of using multi-objective algorithms in the MAND.
